mTOR has important roles in regulation of both innate and adaptive immunity, but whether and how mTOR modulates humoral immune responses have yet to be fully understood. To address this issue, we examined the effects of rapamycin, a specific inhibitor of mTOR, on B cell and CD4 T cell responses during acute infection with lymphocytic choriomeningitis virus. Rapamycin treatment resulted in suppression of virus-specific B cell responses by inhibiting proliferation of germinal center (GC) B cells. In contrast, the number of memory CD4 T cells was increased in rapamycin-treated mice. However, the drug treatment caused a striking bias of CD4 T cell differentiation into Th1 cells and substantially impaired formation of follicular helper T (Tfh) cells, which are essential for humoral immunity. Further experiments in which mTOR signaling was modulated by RNA interference (RNAi) revealed that B cells were the primary target cells of rapamycin for the impaired humoral immunity and that reduced Tfh formation in rapamycin-treated mice was due to lower GC B cell responses that are essential for Tfh generation. Additionally, we found that rapamycin had minimal effects on B cell responses activated by lipopolysaccharide (LPS), which stimulates B cells in an antigen-independent manner, suggesting that rapamycin specifically inhibits B cell responses induced by B cell receptor stimulation with antigen. Together, these findings demonstrate that mTOR signals play an essential role in antigen-specific humoral immune responses by differentially regulating B cell and CD4 T cell responses during acute viral infection and that rapamycin treatment alters the interplay of immune cell subsets involved in antiviral humoral immunity. IMPORTANCE mTOR is a serine/threonine kinase involved in a variety of cellular activities. Although its specific inhibitor, rapamycin, is currently used as an immunosuppressive drug in transplant patients, it has been reported that rapamycin can also stimulate pathogen-specific cellular immunity in certain circumstances. However, whether and how mTOR regulates humoral immunity are not well understood.
A s an evolutionarily conserved serine/threonine kinase, mTOR regulates several key cellular processes, including cell growth, proliferation, and metabolism, in response to various environmental cues (1) (2) (3) . Rapamycin, a drug that specifically inhibits mTOR function, is currently used in transplant patients as an immunosuppressant to prevent immune responses against allografts (4, 5) . One potential mechanism underlying this treatment is that rapamycin inhibits the proliferation of alloreactive T cells (6) , but recent findings suggest that rapamycin has a variety of effects on the immune system and that there may be more complex mechanisms resulting in immunosuppression (7) . A better understanding of the exact target cells and mechanisms of rapamycin-mediated immune suppression will facilitate the development of more effective and rational regimens to inhibit alloreactive immune responses with minimal suppression of pathogen-specific immunity.
Despite generally being considered an immunosuppressive drug, rapamycin also exhibits immunostimulatory effects in certain circumstances. Several reports have shown that rapamycin enhances inflammatory cytokine secretion and antigen presentation in macrophages and myeloid dendritic cells (8, 9) . Moreover, inhibiting mTOR in CD8 T cells can promote memory T cell differentiation in response to infection and vaccination (10, 11) . Thus, modulating mTOR activity has now become an attractive strategy to enhance dendritic cell-or CD8 T cell-mediated immunity during vaccination. However, considering that most successful vaccines confer protective immunity by inducing antibody responses (12) , it is critical to understand whether and how mTOR regulates the generation of antigen-specific antibodies. Recent studies examined the role of mTOR in B cells and found that mTOR signals are required for production of high-affinity antibodies (13) (14) (15) . These studies focused on B cell responses (13) (14) (15) , but the interplay between CD4 T cells and B cells remains unclear in cases where mTOR signals are inhibited in both CD4 T cells and B cells in vivo, such as by rapamycin treatment. Thus, examining the relationship between CD4 T cell and B cell responses is important for a comprehensive understanding of the effects of rapamycin on humoral immunity, since antibody responses are coordinated by both CD4 T cells and B cells.
Following acute viral infections, antigen-specific naive CD4 T cells predominantly differentiate into Th1 and follicular helper T (Tfh) cells (16) (17) (18) (19) . Th1 cells play a critical role in mediating cellular immunity, while Tfh cells are the principal T cells that provide necessary help to B cells for the initiation and maintenance of germinal center (GC) reaction. Although the mTOR pathway has been shown to regulate differentiation of naive CD4 T cells into effector CD4 T cells (20) (21) (22) (23) , how in vivo rapamycin treatment influences effector and memory CD4 T cell differentiation has yet to be fully understood. Similar to that in CD4 T cells, the function of mTOR in B cell responses also remains to be determined.
In the present study, we attempted to examine how rapamycin influences B cell and CD4 T cell responses in vivo by using a mouse model of acute infection with lymphocytic choriomeningitis virus (LCMV). Our results showed that rapamycin treatment inhibited the generation of long-term antibody responses by reducing germinal center B cell formation. We also found that Tfh responses were significantly inhibited in rapamycin-treated mice, although the drug treatment enhanced overall memory CD4 T cell development. To further dissect the effect of rapamycin, we investigated the role of mTOR intrinsically in CD4 T cells and B cells in this study. Our results show that mTOR promotes antiviral humoral immunity by differentially regulating CD4 helper T cell and B cell responses.
RESULTS

Rapamycin inhibits B cell responses during viral infection and vaccination.
To understand the role of mTOR in humoral immunity during acute viral infections, rapamycin was administered to mice infected with LCMV strain Armstrong, which causes a systemic acute infection, with virus being cleared within 8 days after infection. Serum IgM and IgG antibodies specific for LCMV were examined at days 8, 15, and 60 postinfection (p.i.). We found comparable serum IgM titers between treated and untreated mice at day 8 postinfection ( Fig. 1A , left panel). Although rapamycin-treated mice had slightly higher levels of virus-specific IgM titers on day 15 after infection, IgM responses in both groups were transient and were below the detection limit on day 60 after infection ( Fig. 1A, left panel) . In sharp contrast, rapamycin treatment led to reduced LCMV-specific IgG titers ( Fig. 1A , right panel). The significant reduction in LCMV-specific IgG in rapamycin-treated mice was already seen at an early stage of infection (day 8) ( Fig. 1A , right panel). Although IgG titers were increased at day 15 postinfection compared to those on day 8 for rapamycin-treated mice, they were much lower than those of control animals ( Fig. 1A , right panel), suggesting that rapamycin inhibits or delays B cell activation/proliferation during the early stage of B cell responses after viral infection. Importantly, this reduction was maintained at the memory stage, and LCMV-specific IgG titers in rapamycin-treated mice were 10-fold lower than those in vehicle controls at day 60 postinfection ( Fig. 1A , right panel). The lower IgG titers during the memory stage for the rapamycin treatment group suggest that the drug may negatively regulate GC reaction, because the generation of long-term LCMVspecific IgG responses is strictly GC B cell dependent (24) . In agreement with this notion, rapamycin-treated mice exhibited a much lower frequency of PNA high FAS high GC B cells at both days 8 and 15 postinfection ( Fig. 1B, left panel) , and the total number of PNA high FAS high B cells in rapamycin-treated mice was about 10-fold lower than that in vehicle-treated mice at both time points ( Fig. 1B, right panel) . Likewise, the drug treatment blocked the formation of normal GC clusters (Fig. 1C ). In keeping with these data, GC-derived LCMV-specific antibody-secreting cells (ASCs) in the bone marrow and memory B cells in the spleen were found to be greatly decreased in rapamycin-treated mice compared to vehicle-treated mice at day 60 postinfection ( Fig. 1D and E, respectively). We also measured affinity maturation of antibody by using an enzyme-linked immunosorbent assay (ELISA) combined with a urea wash after the antibody had bound to the antigen on the plate ( Fig. 1F and G). We found that rapamycin modestly impaired affinity maturation of LCMV-specific IgG ( Fig. 1F and G).
We next tested whether the inhibitory effects of rapamycin on B cell responses could be generalized to other immunization systems. To examine this, mice were immunized with NP-KLH in the presence or absence of rapamycin, and nucleoprotein (NP)-specific IgG titers were measured at days 8, 15, and 30 postimmunization. Significantly lower IgG titers were observed in rapamycin-treated mice than in vehicletreated mice at day 8 postimmunization ( Fig. 2A ). Similar to the results for LCMV infection, rapamycin-treated mice showed increased IgG titers at days 15 and 30 postimmunization, but the titers never reached the levels seen for vehicle-treated mice Rapamycin was injected intraperitoneally daily for 30 days. Serum was harvested on the indicated days, and the antigen-specific IgG titer was quantified by ELISA. Graphs show means and SEM (n ϭ 5 mice/time point for each group). Data representative of two independent experiments are presented.
( Fig. 2A ). We also examined the effect of rapamycin during vaccination with a nonreplicating adenovirus serotype 5 vector (Ad5). Consistently, rapamycin treatment resulted in reduced Ad5-specific IgG titers throughout the observation period, and the drugtreated mice showed about 5-fold lower IgG titers than those of the vehicle controls at day 30 postvaccination ( Fig. 2B ). Collectively, these data indicate that rapamycin treatment significantly inhibits IgG B cell responses after viral infection or vaccinations.
Rapamycin inhibits early but not late B cell responses. Next, in order to examine which stage of the B cell response is inhibited by rapamycin, we treated LCMV-infected mice with rapamycin during the early phase (days Ϫ1 to 14 p.i.), the late phase (days 16 to 30 p.i.), or the memory phase (days 90 to 120 p.i.) of B cell responses. In contrast to the severe inhibition of LCMV-specific IgG responses with rapamycin administered from days Ϫ1 to 14, rapamycin treatment at the late phase or memory phase of B cell responses had minimal to no effect on antibody titers as well as the formation of memory B cells/long-lived plasma cells ( Fig. 3A to D). These data suggest that mTOR is dispensable during the late and memory phases of B cell responses but is crucial during the early phase, when B cells are actively proliferating with antigen stimulation and form GC.
Effect of rapamycin on expression of survival/apoptosis-related molecules in GC B cells. The reduction in GC B cell number by rapamycin treatment may be attributed to lower survival of these cells than of cells exposed to vehicle treatment. To test this, we analyzed the expression of the survival/apoptosis-associated molecules Mcl-1, Bcl-xl, Bim, and active pan-caspase on GC B cells in spleens from rapamycin-or vehicle-treated mice on day 10 after infection. We observed comparable expression levels of Mcl-1, Bcl-xl, and Bim on GC B cells from both groups and lower levels of active pan-caspase for the rapamycin-treated group than for the vehicle-treated group (Fig.  4A to D). Since active pan-caspase is a marker of cells undergoing apoptosis, our data indicate that apoptosis of GC B cells is not the primary reason for the impaired B cell responses induced by rapamycin treatment during acute viral infection.
Rapamycin inhibits the proliferation of germinal center B cells. One of the key features of GC B cells is their ability to proliferate rapidly and extensively during the early phase of the B cell response. To examine whether rapamycin inhibits GC B cell proliferation, LCMV-infected mice that had been treated with rapamycin or vehicle were given bromodeoxyuridine (BrdU) for 3 h before sacrifice on days 9 and 11 5A ), indicating that the proliferation of GC B cells was inhibited by rapamycin. Moreover, we found that compared to control mice, rapamycin-treated mice had a smaller fraction of CD86 low CXCR4 high dark-zone GC B cells ( Fig. 5B ), which possess intrinsically higher proliferation potential than their light-zone counterparts (25) . We also analyzed the expression of the transcription factor B cell lymphoma 6 (Bcl-6; increases the proliferation of PNA high Fas high B cells), and we found that rapamycin-treated mice had fewer Bcl-6 ϩ PNA high Fas high B cells than vehicle-treated mice ( Fig. 5C ). Finally, rapamycin treatment also impaired ongoing GC B cell proliferation when administered from days 9 to 14 postinfection ( Fig. 5D ). Together, these data show that rapamycin inhibits the proliferation of GC B cells, and this seems to be a primary cause of the impaired formation of memory B cells and long-lived plasma cells. Rapamycin enhances the formation of virus-specific CD4 T cell memory. The results described above clearly establish that rapamycin treatment inhibits B cell responses. Because CD4 T cell help is required for optimal B cell responses, we next examined if rapamycin-treated mice would develop normal CD4 T cell responses. LCMV-specific CD4 T cell responses were monitored using the I-A b GP 66 -77 tetramer. Interestingly, the administration of rapamycin from day Ϫ1 to day 30 postinfection substantially enhanced the number of virus-specific CD4 T cells at day 60 postinfection ( Fig. 6A ). We observed similar numbers of antigen-specific CD4 T cells at the peak of the responses (days 8 to 15 p.i.) between both groups, but rapamycin treatment increased the survival of antigen-specific CD4 T cells during the contraction phase ( Fig. 6A ). This reduced contraction is consistent with previously published data showing that rapamycin enhanced memory CD8 T cell formation (10) . To examine the functionality of these memory CD4 T cells induced in the presence of rapamycin, we stimulated spleen cells with the LCMV GP 61-77 peptide. Mice treated with rapamycin had around 3-fold higher frequencies of IFN-␥ ϩ TNF-␣ ϩ and IFN-␥ ϩ IL-2 ϩ CD4 T cells than mice treated with the vehicle control ( Fig. 6B ). Thus, rapamycin was shown here to enhance the formation of functional antigen-specific memory CD4 T cells.
Rapamycin treatment alters the balance between Th1 and Tfh cell differentiation. The observation that rapamycin markedly impaired antigen-specific B cell responses despite a larger number of memory CD4 T cells prompted us to investigate if the drug treatment would modulate the differentiation program of antigen-specific CD4 T cells. Acute LCMV infection is known to induce two distinct CD4 T cell subsets: Th1 and Tfh cells (17) . Therefore, a critical question to address was whether the balance of the differentiation of antigen-specific Th1 and Tfh subsets would be altered in rapamycin-treated LCMV-infected mice in which GC B cell responses were compromised. To extensively analyze Tfh responses, we took advantage of the LCMV I-A b GP 66 -77 -specific T cell receptor (TCR)-transgenic Smarta CD4 T cell system. Smarta chimeric mice were made by adoptively transferring naive Smarta CD4 T cells into B6 mice, and these chimeric mice were subsequently infected with LCMV. Consistent with the results seen with endogenous virus-specific memory CD4 T cells, rapamycin increased the number of memory Smarta CD4 T cells (data not shown). Using this system, we first analyzed CXCR5 expression, which is one of the key features of Tfh cells, directing the migration of primed Tfh cells to B cell follicles (26) . We found that rapamycin strongly inhibited CXCR5 expression on Smarta cells at day 8 postinfection ( Fig. 7A ), suggesting that Tfh cell generation was impaired in rapamycin-treated mice. To further characterize Tfh differentiation in the presence of rapamycin, the expression of several other canonical markers of Tfh cells was examined. ICOS and PD-1 are well-known cell surface markers of Tfh cells, and we observed markedly decreased numbers of ICOS high CXCR5 high and PD-1 high CXCR5 high antigen-specific CD4 T cells in rapamycin-treated mice ( Fig. 7B and C) . Such decreased numbers of antigen-specific Tfh cells were also confirmed by lower expression of Bcl-6 ( Fig. 7D ), the transcriptional factor governing Tfh lineage differentiation (27) . Together, these data indicate that rapamycin treatment impairs formation of the Tfh cell population. Given that only Th1 and Tfh subsets are induced in response to LCMV infection, the negative role of rapamycin in Tfh differentiation suggested that it may instead promote Th1 differentiation. To test this hypothesis, we compared Th1 responses between rapamycin-treated and untreated mice. We first measured the frequencies of gamma interferon (IFN-␥)-producing cells in antigen-specific CD4 T cells after ex vivo stimulation with peptide. In the presence of rapamycin, around 75% of antigen-specific CD4 T cells were found to secrete IFN-␥, whereas only about 50% of their counterparts from vehicle-treated mice secreted IFN-␥ (Fig. 7E ). Next, the expression of another Th1 marker, granzyme B (GZB), was also examined on antigen-specific CD4 T cells obtained from LCMV-infected mice in the presence or absence of rapamycin treatment. Likewise, the percentage of GZB ϩ CXCR5 low cells was substantially increased by rapamycin ( Fig.  7F ). Together, these data indicate that rapamycin skews virus-specific effector CD4 T cell differentiation from Tfh to Th1 subsets.
CD4 T cell-intrinsic inhibition of mTOR signals impairs Th1 formation. Our data clearly show that inhibiting mTOR with rapamycin reduces both Tfh and B cell responses. Since Tfh and GC B cells reciprocally regulate each other (28) , it is important to understand whether rapamycin intrinsically inhibits B cell or CD4 T cell responses. To examine this, we inhibited mTOR signaling exclusively in antigen-specific CD4 T cells by using a retroviral gene knockdown system (Fig. 8A ). Retrovirus-transduced or nontransduced Smarta cells were adoptively transferred into B6 mice, followed by LCMV infection (Fig. 8A) . This system allowed us to directly compare Th1 and Tfh differentiation patterns of transduced (GFP ϩ ) and nontransduced (GFP Ϫ ) Smarta cells within the same animal (Fig. 8B) . In contrast to the effect of rapamycin administration, we found that mTOR knockdown in antigen-specific CD4 T cells resulted in inhibition of Th1 differentiation, as demonstrated by lower frequencies of the CXCR5 low GZB high population ( Fig. 8C ). Furthermore, mTOR knockdown also inhibited the expression of the Th1 lineage-associated transcription factor T-bet ( Fig. 8D ). Conversely, mTOR knockdown increased the frequencies of Tfh cells, characterized as CXCR5 high PD-1 high cells (Fig. 8E) . Notably, all these results were faithfully recapitulated by the knockdown of raptor (a necessary component of mTORC1), with a decreased CXCR5 low GZB high Th1 subset as well as reduced T-bet and increased CXCR5 ϩ PD-1 high Tfh populations ( Fig. 8F to H) .
Since we transferred Smarta transgenic CD4 T cells immediately after retrovirus transduction (before expressing green fluorescent protein [GFP]) in the abovedescribed experiments, how many retrovirus-transduced Smarta cells were adoptively transferred into the recipient mice was unknown. This prevented us from examining whether the number of GFP ϩ Tfh cells was increased by mTOR or raptor knockdown compared to the control level in this experimental setting. To address this issue, we sorted GFP ϩ retrovirus-transduced Smarta cells (raptor-specific short hairpin RNA [raptor-shRNA] or vector control) and then transferred the same number of these cells into recipient mice, followed by LCMV infection. The total number of raptor-shRNAtransduced Smarta cells was much lower than that of vector-transduced Smarta cells on day 8 after infection (Fig. 8J ). In particular, the reduction in cell numbers was much more severe for Th1 cells (Fig. 8K and L) . Taken together, consistent with previous observations (21, 23) , the data show that selective attenuation of the mTORC1 signaling pathway in antigen-specific CD4 T cells inhibits the generation of Th1 cells after acute viral infection. In addition, our results also suggest that the increased Th1 cell formation observed in rapamycin-treated mice was not due to reduced mTOR activity in antigenspecific CD4 T cells. mTOR acts intrinsically in B cells to regulate germinal center responses. The above-described RNA interference (RNAi) experiments indicate that Tfh cells are not the primary target cells of rapamycin for the impaired humoral immunity observed in drug-treated mice after viral infection or immunization. Therefore, we next asked if rapamycin has any intrinsic effects on B cell responses. To address this issue, we generated rapamycin-insensitive B cells by knocking down FKBP12, which is an essential binding partner for rapamycin to inhibit mTORC1 signals (2) . We transduced bone marrow (BM) hematopoietic stem cells (HSCs) with an FKBP12 shRNA retrovirus and subsequently transferred the transduced HSCs into lethally irradiated recipient mice (Fig. 9A ). After reconstitution, these bone marrow chimeric mice allowed us to analyze the intrinsic effect of rapamycin on B cells (Fig. 9A ). In this experimental setting, we observed that approximately 10% to 30% of total donor B cells were transduced, as they were GFP positive (Fig. 9B ). In addition, we observed normal matured B cell mTOR Promotes Antiviral Humoral Immune Response Journal of Virology populations (Fig. 9C) . To validate the effect of FKBP12 knockdown on B cells in response to rapamycin, we compared mTOR activities by measuring phosphorylated S6 in FKBP12 shRNA-transduced or non-shRNA-transduced B cells upon anti-B cell receptor (anti-BCR) stimulation in the absence or presence of rapamycin. FKBP12 shRNA- transduced GFP ϩ B cells showed increased S6 phosphorylation in the presence of rapamycin, while the drug strikingly inhibited the phosphorylation of S6 in nontransduced B cells upon anti-BCR stimulation (Fig. 9D) , indicating the reliability of our system. These BM chimeric mice were then infected with LCMV in the presence of rapamycin, and GC B cell differentiation levels between transduced (GFP ϩ ) and nontransduced (GFP Ϫ ) donor B cells (Ly5.1 ϩ B220 ϩ ) were compared within the same individual animals. In mice with HSCs transduced with control retrovirus, both nontransduced (GFP Ϫ ) and transduced (GFP ϩ ) cells were unable to efficiently differentiate into GC B cells (around 2% of total donor B cells) (Fig. 9E ). However, in BM chimeric mice with HSCs harboring FKBP12 shRNA, rapamycin-insensitive B cells (Ly5.1 ϩ B220 ϩ GFP ϩ ) gave rise to a significantly higher frequency of GC B cells than that seen for rapamycin- mTOR Promotes Antiviral Humoral Immune Response Journal of Virology sensitive, nontransduced donor B cells (Ly5.1 ϩ B220 ϩ GFP Ϫ ) (Fig. 9E ). In addition, higher LCMV-specific IgG titers were seen in BM chimeric mice harboring the FKBP12 knockdown than in control mice ( Fig. 9F ), suggesting that rapamycin-insensitive B cells triggered a higher functional B cell response in the presence of rapamycin. Furthermore, Tfh responses were improved in rapamycin-treated LCMV-infected BM chimeric mice with HSCs transduced with the FKBP12 shRNA retrovirus (Fig. 9G ). This indicates that GC B cell formation is important for Tfh responses and also suggests that the decreased Tfh responses seen in rapamycin-treated normal B6 mice (Fig. 7) are likely due to inhibition of GC B cell formation. Thus, these data demonstrate that B cells are the primary target cells of rapamycin for the impairment of antibody responses and that B cell-autonomous mTOR signaling plays a critical role in promoting GC B cell responses. mTOR activity is dispensable for LPS-induced B cell responses. In contrast to BCR-dependent antibody responses to viral infection or protein immunization, mitogens, such as lipopolysaccharide (LPS), can induce fast B cell proliferation and plasma cell differentiation independently of BCR engagement (29) . We wondered whether rapamycin would also block B cell responses under such conditions. To examine this question, LPS was administered intravenously to mice, which were treated with vehicle or rapamycin from days Ϫ3 to 2, and B cell responses were analyzed at days 1 and 3 post-LPS injection. We found that LPS injection upregulated S6 phosphorylation on day 1 and that rapamycin treatment efficiently blocked its phosphorylation (Fig. 10A) . However, the activation of polyclonal B cells was not inhibited by rapamycin, and we observed a comparable upregulation of both CD86 and major histocompatibility complex class II (MHC II) molecules on day 1 (Fig. 10B ). More intriguingly, BrdU incorporation experiments showed that the proliferation of these activated B cells was also not influenced by rapamycin on both days 1 and 3 (Fig. 10C ). Thus, we detected comparable numbers of BrdU ϩ B cells between vehicle-and rapamycin-treated mice ( Fig. 10C and D) . Lastly, we analyzed the differentiation of activated B cells (CD86 high MHC II high ) into plasma cells (IgD Ϫ CD138 ϩ ). We found that rapamycin-treated mice had plasma cells in numbers similar to those in vehicle-treated mice (Fig. 10E ). Therefore, these data indicate that in contrast to viral infection or protein immunization, rapamycin has minimal effects on mitogen-induced B cell activation, proliferation, and plasma cell differentiation.
DISCUSSION
In this study, we analyzed the effects of rapamycin on B cell responses as well as Th1 versus Tfh differentiation during acute viral infection and immunization. Our data revealed that rapamycin treatment acted intrinsically in B cells to inhibit GC B cell responses and that this led to the subsequent impairment of B cell responses. Despite such reduced B cell responses, rapamycin was able to enhance memory CD4 T cell formation. However, the drug treatment resulted in strikingly biased CD4 T cell differentiation toward Th1 cells and decreased Tfh cell formation. This skewed CD4 T cell differentiation was likely due to impaired GC B cell responses in the presence of rapamycin treatment. Indeed, when we targeted mTOR or raptor intrinsically in antigen-specific CD4 T cells by RNAi without disturbing mTOR signals in B cells, Th1 cell formation was inhibited. Thus, these findings demonstrate that mTOR signals differentially regulate CD4 T cell and B cell responses and that rapamycin predominantly blocked germinal center B cell reaction.
Consistent with a previous study, we found that inhibition of mTORC1 activity in antigen-specific CD4 T cells by RNAi had a minimal impact on the generation of Tfh cells (23) . In contrast, recent studies using conditional knockout mice showed that mTORC1 signaling was essential for induction of Tfh responses (30, 31) . These contradictory results may be explained by the different approaches used to silence mTOR activity. RNAi usually inhibits expression of 70 to 95% of target transcripts, but 5 to 30% of them can remain in the cells, whereas conditional knockout genetically deletes target genes. Thus, these two silencing methods result in different degrees of inhibition of mTOR signals, and very low levels of mTOR activity might be sufficient to generate Tfh cells after viral infection.
Another important issue that remains unresolved is that of Th1 responses in LCMV-infected rapamycin-treated mice. As shown in Fig. 8 , inhibiting mTOR signaling intrinsically in CD4 T cells by RNAi inhibited Th1 responses. However, we observed that LCMV-infected rapamycin-treated mice generated normal Th1 responses. Since mTOR is expressed ubiquitously in many cells, the normal Th1 responses may have been mediated by other types of cells, such as innate immune cells, stimulated by rapamycin treatment (32) . In addition, since rapamycin treatment during acute LCMV infection causes a delay of viral clearance for 2 days, this may also affect CD4 T cell differentiation. Thus, such environmental factors changed by rapamycin might override the intrinsic effect of the drug on antigen-specific CD4 T cells.
Our findings may shed some light on the effect of rapamycin in transplantation patients. Although it has long been postulated that the immunosuppressive activity of rapamycin in transplant patients is mediated by its antiproliferative effect on T cells (4), a growing body of evidence suggests that rapamycin may employ multiple mechanisms to regulate immune responses (7) . More paradoxically, rapamycin has been found to enhance memory CD8 T cell differentiation (10, 11) . In this study, our data demonstrated that rapamycin treatment also promoted memory CD4 T cell differentiation. Together, these facts raise the possibility that additional mechanisms may exist for rapamycin-mediated inhibition of allograft rejection. We also show here that rapamycin efficiently inhibited in vivo B cell responses in both viral infection and protein immunization models. Given the important role of B cell responses in mediating mTOR Promotes Antiviral Humoral Immune Response Journal of Virology both acute and chronic allograft rejection (33) , these data suggest that rapamycin may exert its effect in preventing organ rejection at least partly through the inhibition of alloantigen-specific B cell responses. Consistent with this notion, it was reported that germinal center B cells were involved in a mouse model of graft-versus-host disease and that everolimus (a rapamycin analog) was able to suppress the disease (34) . Thus, our present study provides novel insight into the potential immunosuppressive effects of rapamycin in transplant patients and warrants more detailed investigations regarding rapamycin's effects on B cell-mediated allorejection.
The data presented here demonstrate that the impaired GC B cell response induced by rapamycin treatment primarily accounts for the inhibition of Tfh differentiation as well as antibody responses. Consistent with previous papers (13) (14) (15) , we identified that rapamycin-mediated GC B cell impairment was caused by inhibition of GC B cell proliferation. Importantly, dark-zone centroblasts that have a higher proliferative potential were more strikingly inhibited by rapamycin treatment. Interestingly, inhibition of antigen-specific IgG responses by rapamycin was observed as early as day 8 postinfection or postimmunization, when short-lived extrafollicular plasma cells provide a majority of serum IgG and GC B cells have a minimal contribution to antibody responses. These data suggest that proliferation of activated B cells during the early phase of infection (days 0 to 8) may be inhibited or delayed by rapamycin, similar to what was seen for GC B cell proliferation. In contrast to such early-stage B cell responses, our results show that rapamycin has minimal to no effect during the differentiation of GC B cells into long-lived plasma cells as well as on the maintenance of already-differentiated long-lived plasma cells. Together, these lines of evidence suggest that GC B cells demand higher mTOR activity to sustain their rapid and extensive growth and proliferation, both of which are heavily dependent on mTORmediated glycolytic metabolism to provide substrates necessary for protein, lipid, and DNA biosynthesis (35, 36) . In addition, Rajewsky and colleagues showed that tonic BCR-mediated phosphatidylinositol 3-kinase (PI3K)-Akt activation, one of the signaling events upstream of mTOR, is important for the survival of resting mature B cells (37) , and our data extend the role of the PI3K-Akt-mTOR axis as the major regulator of GC B cell formation when BCR is engaged with a cognate antigen and T cell help. Interestingly, we did not observe a measurable impairment of B cell proliferation by rapamycin treatment in response to in vivo LPS stimulation. We speculate that mTOR signaling is required for BCR-mediated B cell proliferation while being dispensable for BCR-independent, mitogen-mediated proliferation, which may depend more strictly on the Toll-like receptor-induced canonical NF-B pathway.
Overall, our data suggest that B cell responses are a concern for the use of rapamycin to enhance vaccine-induced immunity, although there are clear positive effects on the formation of memory CD8 T cells as well as memory CD4 T cells. To overcome this issue, it is important to study the molecular mechanisms for how mTOR signaling pathways regulate BCR-dependent B cell responses in vivo. Furthermore, we examined the role of mTOR in primary B cell responses in this study, but it is unclear whether mTOR activity is required for secondary B cell responses, in which memory B cells are activated upon recognition of cognate antigens. Many existing vaccine regimens utilize prime-boost strategies to maximize protective immunity. Thus, for improvements of vaccine-induced immunity by modulation of mTOR activity, it is essential to examine if rapamycin inhibits secondary B cell responses similarly to primary responses or if mTOR signals have a minimal contribution to secondary B cell responses.
In summary, we characterized the complex role of mTOR activity in regulating Tfh versus Th1 differentiation as well as B cell responses during viral infection and immunization. These findings provide valuable insights into the precise modulation of mTOR signals in certain immune cell types to improve vaccination effectiveness or to alleviate pathogenic immune responses. Furthermore, our study suggests that inhibiting B cell responses by use of rapamycin is a potential immunosuppressive mechanism and that rapamycin may prevent the generation of allograft-reactive B cell responses in transplant recipients.
